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Description
THE BACKGROUND OF THE INVENTION AND PRIOR ART

[0001] The present invention relates generally to dialysis clearance. More particularly the invention relates to an
apparatus for estimating a process efficiency of a dialysis system according to claim 1. The invention can be used in a
method of performing a dialysis treatment program according to the preamble of claim 15.

[0002] Generally in dialysis, there is a large need to better understand the differences between patients, and what
factors determine the achievable efficiency of the dialysis treatment in the individual patients. In theory, a number of
different parameters may be used to characterize a dialyzer’s capacity to filter waste products from a patient’s bloodstream
and restore the normal constituents of his/her blood. For example, models for solute concentrations in the different body
parts may be used. It is also possible to characterize patients by measurable parameters, which in turn, may be used
to improve the efficiency of the dialysis treatments.

[0003] A good model to use in order to understand the process of dialysis for cleaning the body from a solute is the
so-called regional blood flow model for the solute distribution in the body, which was developed by Daugirdas and
Schneditz. Urea is a common marker molecule for the description of the dialysis progress, and will be used for the
following discussion for this purpose. However, the same discussion may also be applied to other solutes, such as
creatinine, glucose, phosphate and other ions. According to one model, the human body includes two urea containing
pools; one large pool of volume V|, which is perfused by a relatively small blood flow Q| , and one small pool of volume
Vy, which is perfused by a relatively large blood flow Q, see figure 1. The small pool of volume V represents the blood
in the internal organs, such as the liver etc., and the large pool of volume V| represents blood located in the muscles,
the skin and the like. Due to the comparatively large blood flow Qy to the small pool of volume V, this pool will be much
more efficiently depurated than the large pool of volume V| . Thus, after an initial transient, the concentration of urea Cy
in the small pool of volume V| will be lower than the concentration of urea C, in the large pool of volume V. Before
returning to the heart n, the blood from the two pools V| and Vy will be mixed, and a mixed venous urea concentration
C., therefore becomes a weighted mean value of the two pool concentrations C, and C,,, with the respective flow
weights Q; and Qy, according to the following:

_Q -G +Q,-C,

C
m Q, +Q,

[0004] The denominator here represents the total blood flow Q_ + Q. Note that the mean value C,,, falls between
the two pool concentrations C; and Cy. However it will be closer to the concentration of urea Cy, in the small pool of
volume V|, because its weight Qy, is larger than Q. Before reaching the heart 1, the mixed venous blood will also mix
with partly cleaned blood from the dialyzer 130, so that the concentration of urea in the heart n which is equal to a
concentration Cy, returning to the access and the dialyzer, will be lower than all other concentrations.

[0005] When discussing the depuration of the whole body it is of interest to also discuss the mean concentration of
urea in the whole body. This is sometimes referred to as the equilibrated concentration Cg, since it is the concentration
which would be the result if the body were left to equilibrate the pool concentrations C; and Cy. In our regional blood
flow model, the equilibrated concentration Cg is:

V. -C +V,-Cy

C
& vV, +V,

[0006] The equilibrated concentration Ceq will also fall between the pool concentrations C; and Cp. However, it will
be closer to the concentration of urea C, in the large pool of volume V|_because of the volume V| being larger than the
volume V. Consequently, we obtain the relationship:

CL>Ceq>cmv>CH>Cb

[0007] Clearance is an entity which is used to describe the efficiency of the depuration process. More precisely,
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clearance is defined as the removal rate divided by the concentration of the substance in the fluid to be cleaned. Normally,
a dialyzer clearance K, which is used to characterize dialyzers at different flow conditions, is defined as the removal rate
divided by the concentration C,, i.e. the concentration in the blood returning from the heart-lung system to the access
and the dialyzer. A part of the cleaned blood from the dialyzer which is mixed with the blood returning from the body
goes from the heart and enters directly into the dialyzer again. This is called cardiopulmonary recirculation, and is the
reason why blood entering the dialyzer has a lower concentration (i.e. C,)) than the blood returning from the body. A so-
called effective clearance Ky is instead defined as the removal rate divided by the mixed venous concentration C,,,
and is a better measure of the effective depuration of the patient. The effective clearance K can be estimated if the
removal rate is measured either on the blood side or on the dialysate side of the dialyzer, and the mixed venous
concentration (or the systemic blood concentration) C,,,, is measured by stopping the blood pump during an interval (say
1 minute) to let the effect of the cardiopulmonary recirculation disappear before a blood sample is drawn. Another simple
method to estimate the effective clearance is to measure the effect in the outlet dialysate conductivity of a step in the
inlet dialysate conductivity, for instance according to the procedures proposed in the documents EP 547 025, EP 658
352 and US 6,217,539.

[0008] However, a still better measure would be to describe the cleaning of the whole body equilibrated concentration
Ceq- This so-called whole body clearance K, (or K,) is defined as the removal rate divided by the equilibrated con-
centration Ceq. Moreover, due to the relationships between the corresponding urea concentrations, we obtain the following
relationships between the clearances:

K> Keff > Keq

[0009] Since it is relatively difficult to measure the pool concentrations C; and Cy, there is no straightforward way to
measure the equilibrated concentration Ceq, and consequently, the whole body clearance K, is also difficult to estimate.
One possibility to measure the equilibrated concentration Ceq is to wait until the concentrations have equilibrated after
the treatment. However, this takes relatively long time (half an hour up to one hour) and is therefore impractical.
[0010] The interest in the whole body clearance K, originates from the fact that this measure describes the cleaning
effect of the dialyzer on the body, whereas the dialyzer clearance K and the effective clearance K4 constitute descriptions
of the cleaning capacity of the dialyzer and the dialyzer together with the heart-lung system n and A respectively. The
dialyzer clearance K is known from the dialyzers data sheet, and the relationship between this measure and the effective
clearance K is given by the expression:

Keﬁz_K—_
1+K/Q

where Q s the total systemic blood flow, i.e. Q = Q_ + Q. Unfortunately, the relationship between the effective clearance
Kefs and the whole body clearance K, is much less trivial.

[0011] It is nevertheless possible to study the theoretical relationship between the pool concentrations C; and C.
Setting up a mass balance equation for each of the two pools of volume V| and V| leads to a system of two coupled
first order differential equations for the concentrations C, and C,,. If we include the effect of a constant ultrafiltration rate,
the pool volumes V| and V,, will decrease linearly over time, and the differential equations for the concentrations C, and
Cy will have variable coefficients.

[0012] Daugirdas and Schneditz have managed to solve these equations for the case when the urea generation in
the pool volumes V| and Vy was included. Daugirdas and Schneditz studied the impact on the rebound of urea after
treatment, i.e. the magnitude of the equilibration of urea concentrations after the treatment. However, the volumes V|
and Vi were allowed to vary, which in turn, led to a non-steady state relationship between the pool concentrations C
and Cy. Thus, a reliable estimate of the whole body clearance K, could not be obtained.

[0013] The U.S. patent No. 6,258,027 discloses a method and a device for calculating dialysis efficiency with respect
to a mass exchange of a solute in a fluid. However, no measure is determined which reflects the whole body clearance
of the dialyzer on a patient.

[0014] In US-A-5,662,806 a solute reduction index, SRI, is calculated.

SUMMARY OF THE INVENTION

[0015] The object of the presentinvention is therefore to alleviate the problems above and thus accomplish animproved
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estimation of the whole body clearance of the dialyzer on a particular patient and enabling identification of cases where
an improvement is necessary, and probably possible.

[0016] According to one aspect of the invention, the object is achieved by an apparatus using the initially described
method of estimating a process efficiency, wherein a whole body clearance ratio is determined, which expresses how
well the patient responds to the potential cleaning capacity of a dialyzer.

[0017] An important advantage attained by this strategy is that the whole body clearance ratio provides an adequate
measure of the actual usefulness of the dialysis treatment. Since each patient has his/her own characteristic response
to a particular treatment, it is otherwise very difficult to determine the specific benefit of the dialysis process.

[0018] According to preferred embodiments of the invention, the measurements relating to the slope of the logarithmic
removal rate function may be performed either on a dialysate side or on a blood side of a dialysis system including the
dialyzer and the patient.

[0019] According to an embodiment of the invention, the object may be achieved by a computer program, which is
directly loadable into the internal memory of a computer, and includes software for controlling the above proposed
method when said program is run on a computer.

[0020] According to another embodiment of the invention the object may be achieved by a computer readable medium,
having a program recorded thereon, where the program is to control a computer to perform the above-proposed method.
[0021] According to an embodiment the invention, the object is achieved by an apparatus, which is adapted to estimate
the whole body clearance ratio of a dialysis treatment of a patient. Again, by efficiency is meant how well the patient
responds to a cleaning capacity of a dialyzer, which performs the treatment. The apparatus includes a urea monitor and
a processor. The urea monitor circuit is adapted to: determine an initial dialysate urea concentration; determine a total
flow rate of spent dialysate during the treatment (including any ultrafiltration); during a steady state phase of the treatment,
measure a slope of a logarithmic removal rate function, which describes how a dialysate urea concentration is lowered
in course of the treatment; and measure a predialysis urea mass in the patient. The processor is adapted to determine
the whole body clearance ratio of the patient by multiplying the slope of the logarithmic removal rate function with the
predialysis urea mass and dividing the result thereof by the flow rate and the initial dialysate urea concentration. In
similarity with the above-proposed method, this apparatus is advantageous because it provides a measure of the actual
usefulness of the dialysis treatment.

[0022] A general advantage attained by the invention is that, based on the whole body clearance ratio for a dialysis
treatment of a particular patient, a following treatment of the same patient can be made more efficient. Namely, if a
relatively low ratio is determined, the next time, certain actions can be taken to improve the result of the dialysis. For
instance, the treatment time can be prolonged, the composition of the dialysate can be altered, or some kind of intervention
procedure with respect to the patient may be performed. The intervention procedure may involve subjecting the patient
to physical exercise, massage, a change in the ambient temperature, an increased fluid intake, acupuncture, and/or
medication affecting the systemic blood flow or the blood flow distribution in the patient’s body.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] The present invention is now to be explained more closely by means of preferred embodiments, which are
disclosed as examples, and with reference to the attached drawings.

Figure 1 shows a schematic model of a patient’s blood-stream, which is connected to a dialyzer according to the
invention,
Figure 2 illustrates a patient being attached to an apparatus for estimating a whole body clearance ratio of a

dialysis treatment according to an embodiment of the invention,

Figure 3 is a graph over a removal rate function describing a first example of how a urea concentration is lowered
during a dialysis treatment,

Figure 4 shows a flow diagram which illustrates the general method of estimating a process efficiency of a dialysis
system according to the invention,

Figure 5 shows a flow diagram which illustrates the general method of estimating a whole body clearance ratio
of a dialysis treatment of a patient according to the invention, and

Figure 6 agraph over aremoval rate function describing a second example of how a urea concentration is lowered
during a dialysis treatment, and
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Figures 7-24 llustrate dialysis examples which further elucidate the strategy according to the invention.
DESCRIPTION OF PREFERRED EMBODIMENTS OF THE INVENTION

[0024] Returning now to the figure 1, in contrast to Daugirdas and Schneditz, the invention presumes that the pool
volumes V| and V, are constant. Thus, no ultrafiltration is presumed to take place, and the generation of ureais neglected.
This means that it is possible to set up one differential equation for the ratio between the two pool concentrations C|
and Cy. Moreover, it can be shown that the ratio between the two pool concentrations C; and C tends towards a
constant. This in turn, means that the clearance ratio: "whole body clearance"-to-"effective clearance" K,,,/Kq¢ (Which
equals the ratio: "mixed venous concentration"-to-"equilibrated concentration” C,,/C,) also tends towards a constant.
The factors which determine the steady state ratios are the fraction of the large pool volume V, to the entire blood volume
V =V +Vy, the fraction of the blood flow Q| in the large pool to the total systemic blood flow Q, and the fraction of the
effective clearance K to the total systemic blood flow Q. Consequently, besides the effective clearance Ky, the
clearance ratio is only determined by patient specific parameters. All of the above is true if we relate the whole body
clearance K, to the dialyzer clearance K, instead of to the effective clearance K 4. Normally, (for typical values) it takes
approximately half an hour to one hour for a steady state level to be reached for these patient related parameters.
[0025] However, according to the invention, the ratio K,,/Ko or K,,,/K is used to characterize a dialyzer’s capacity
with respect to different patients. Provided that this is done at a specific K or K. value, all the remaining parameters
determining these ratios are patient specific, and may hence be used to specify how well the patient responds to the
cleaning capacity of the dialyzer.

[0026] Figure 2illustrates a situation where a patient 120 is connected to an apparatus 210 according to an embodiment
of the invention. The apparatus 210 is adapted to estimate the efficiency (with respect to the whole body clearance ratio
Kuwb/Kes) Of @ dialysis treatment of the patient 120 performed by a dialyzer 130.

[0027] The apparatus 210 includes a urea monitor circuit 211 and a processor 212. The urea monitor circuit 211 is
adapted to measure a predialysis urea mass mg in the patient 120. The urea monitor circuit 211 is also adapted to
determine an initial dialysate urea concentration Cy, (e.g. by means of samples taken between t; and t, in figure 3, and
an extrapolation back to zero) and a total flow rate Q4 of spent dialysate during the treatment (including any ultrafiltration).
During steady state phase of the treatment, the urea monitor circuit 211 measures a slope K,,,,/V of a logarithmic removal
rate function, which describes how a dialysate urea concentration is lowered in course of the treatment (e.g. by means
of samples taken between t; and t, in figure 3).

[0028] The processor 212 is adapted to determine the whole body clearance ratio K,,,/K¢f for the patient 120 on the
basis of the predialysis urea mass my, the slope K,,,,/V of the logarithmic removal rate function, the initial dialysate urea
concentration Cy, and the total flow rate Q4. Specifically, the processor 212 calculates the whole body clearance ratio
Kwb/Kesr according to the expression:

wa wa . mD
Kee V Q4-C,

l.e. the whole body clearance ratio K,,,/K. is determined as the product of the slope K,,,,/V and the predialysis urea
mass m,, divided by the flow rate Q4 and the initial dialysate urea concentration Cj,.

[0029] Therationale behind thisis thatitis possible to calculate K,,,,/V as the slope of a logarithm curve, which describes
the urea concentration in the spent dialysate. The urea concentration may be measured continuously by the urea monitor
211. These measurements also render it possible to determine the predialysis urea mass m, for example according to
the procedure proposed in US 6,258,027.

[0030] By definition, the predialysis urea mass m, equals the product of the distribution volume (i.e. the entire body
water volume V in case of urea) and the plasma water concentration C,,,, i.e. mg =V-C,,,.. The plasma water concentration
pr may be measured in a blood sample drawn from the patient 120 before the treatment starts, and since the volume
Vis the volume of water (with dissolved ions), the measured plasma concentration must be the plasma water concentration
Cpw- An effective plasma water clearance, on the other hand, can be calculated from the removal rate and the plasma
water concentration C,,,. This can be done at the start of the treatment.

[0031] However, the blood sample drawn from the patient before the treatment starts reflects an equilibrated (i.e.
systemic) urea concentration. An effective clearance K may therefore be calculated according to the expression:
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=Qd'Cdo
C

pw

K eff

where Qg is the flow rate of spent dialysate including any ultrafiltration, and Cyo and C,, represent values of the initial
dialysate urea concentration and the predialysis plasma water concentration respectively. Nevertheless, according to
the invention, we are only interested in the ratio between K,,;, and K. Therefore, the plasma water concentration C,,,
can be eliminated, and no blood sample is required. Thus, provided that we know the dialysate flow rate Qq, the clearance
ratio K,,,/Kq¢ may be calculated by the processor 212 in the figure 2 as:

wa _ wa mO

Keff - \Y .Qd'CdO

[0032] Figure 3 is a graph over a removal rate function Cy (or C,)) describing an example of how a urea concentration
is lowered in the dialysate (or in the blood) during the dialysis treatment. In case the curve describes the dialysate urea
concentration, an initial urea concentration Cy, may be found from the urea curve in the urea monitor (see e.g. 211 in
figure 2), by fitting an exponential 310 to the function during an initial phase of the treatment t; to t,, say 5 - 20 minutes
at the beginning of the treatment. Of course, a graph describing the removal rate function C,, on the blood side actually
starts at a non-zero initial urea concentration C,, at say twice the illustrated C4y-value. However, this part of the graph
is not shown here.

[0033] On the dialysate side, the exponential 310 is extrapolated backwards to the start (i.e. t=0) to find the initial
dialysate urea concentration value Cy. It generally takes about 5 minutes for the urea monitor 211 to find correct values
at the start of the treatment, and this delay means that the dialysate urea Cy found by the proposed method is a value
which corresponds to a fully developed cardiopulmonary recirculation. The initial blood urea concentration Cy is, on
the other hand, most easily determined by means of a predialysis blood sample.

[0034] Figure 4 shows a flow diagram which illustrates the general method of estimating a process efficiency of a
dialysis system according to the invention.

[0035] One step 410, involves performing a dialysis treatment of a specific patient. Another step 420, which is partly
executed before and partly executed in parallel with the step 410, involves determining a whole body clearance ratio for
the patient according to the above-proposed method. Although, of course, the dialysis treatment of the step 410 continues
until the treatment is finished, the determination in the step 420 may be completed at an earlier point in time after which
the procedure ends.

[0036] Figure 5 shows a flow diagram which illustrates the general method of estimating a whole body clearance ratio
of a dialysis treatment of a patient according to the invention.

[0037] Afirst step 510 determines an initial dialysate urea concentration Cy,. Then, a step 520 determines a total flow
rate Qq of spent dialysate during the treatment, including any ultrafiltration. During a steady state phase of the treatment,
measurements are performed reflecting the rate at which a dialysate urea concentration is lowered in course of the
treatment. Specifically, a step 530 calculates a slope K,,,/V of a logarithmic removal rate function, which describes the
dialysate urea concentration over time. Subsequently, a step 540 determines a predialysis urea mass m in the patient
(for example according to the procedure proposed in US 6,258,027). Finally, a step 550 determines the whole body
clearance ratio K,,;,/K¢5 as the product of the slope K,,,,/V calculated in the step 530 and the predialysis urea mass mg
(of the step 540), divided by the initial dialysate urea concentration C, (determined in the step 510) and the flow rate
Qg (determined in the step 520).

[0038] Returning now to figure 3, during a steady state phase of the treatment t5 to t,, say one hour or at least half an
hour after the beginning of the treatment and onwards, a slope K,,,/V of the logarithm of the dialysate concentration is
calculated. As already mentioned above with reference to the figure 3, the slope K, ,/V of the logarithm of the concentration
may be measured on the dialysate side or on the blood side using at least two blood samples which are well spaced in
time. The entire distribution volume V may be measured separately, and by multiplying the slope K, ,/V with the volume
V, the whole body clearance K, can be obtained. The clearance ratio is then determined by dividing K,,;, by K or K.
[0039] A straightforward way to measure the effective clearance K or dialyzer clearance K is to register a removal
rate (either on the blood side or on the dialysate side) and divide the registered figure by the systemic (or mixed blood
venous) urea concentration C,,,, or dialyzer inlet concentration C,, respectively.

[0040] Otherwise, the effective clearance K may be measured by means of conductivity based methods, such as
those described in the documents EP 547 025, EP 658 352 and US 6,217,539. Alternatively, the dialyzer clearance K
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may be found from the dialyzer data sheet.

[0041] There are many ways to determine the entire distribution volume V. One possibility is to collect a part of the
spent dialysate, from which removed urea is determined from the urea concentration multiplied by the total dialysate
volume. After correction for urea generation, this measure is related to the change in the equilibrated blood urea con-
centration with a correction for ultrafiltration. The entire distribution volume V multiplied by the change in the corrected
equilibrated blood concentration must equal the removed amount. This gives a value for the volume V.

[0042] Yet another possibility to obtain the clearance ratio is to measure the ratio between the final blood urea con-
centration shortly after the end of the treatment, and the equilibrated concentration Ceq after half an hour to one hour,
i.e. measure the urea rebound. If the final blood urea concentration directly after the end of the treatment is used, the
figure reflects the ratio K,,,,/K, since the effect of the cardiopulmonary recirculation will be included. If instead, a final
blood urea concentration is used, which is measured about one minute after the end of the treatment, the figure reflects
the ratio K,,,,/Kqs; because then the effect of the cardiopulmonary recirculation has disappeared.

[0043] It should be noted that the actual equilibrated concentration Ceq must be measured for the ratio calculation.
For instance, it is not sufficient to calculate the equilibrated concentration Cg, from the final concentration and the
treatment efficiency (as suggested by Daugirdas), or to measure the concentration about 35 minutes before the end of
the treatment (as suggested by Tattersall). Namely, these strategies will only provide a mean effect over a plurality of
patients, not the effect with respect to each particular patient.

[0044] Another possibility is to study the urea concentration in the spent dialysate. This concentration shows a two-
pool behavior. After the initial half hour to one hour the concentration follows a single exponential, whereas a first part
of the curve is better described as a sum of this exponential and another exponential (which fades away more rapidly).
Hence, these two exponentials may be used to characterize the patient with respect to the clearance ratio.

[0045] Referring to figure 6, an alternative to the above-described methods is to calculate the clearance ratio K,,,/K
from concentrations in three blood samples. A first sample Cy is taken just at the start of the treatment (i.e. t=0). A
second sample C, ;4 is taken at t,;4, at least half an hour to an hour into the treatment, after the gradient between the
two body pools has developed. A third and final sample C,,; is taken at t,¢; towards the end of the treatment. The
logarithm of the two values C,,4 and C,4; are used to extrapolate linearly backwards to the start of the treatment in order
to find what the initial concentration would have been if the gradient between the body pools had been fully developed
already at the start. This value is then divided by the actual initial value obtained from the first sample C,, to find the
clearance ratio K,,,/K. Consequently, the clearance ratio K,,,,/K is calculated as:

tIast

C id 1:Iast_tmid

mi

C, C

wb — last

K C. C, \C

eq

last

[0046] Below follows examples, which further elucidate the invention, by studying the relation between whole body
clearance and effective blood water clearance for urea. Effective blood water clearance can be measured through the
dialyzer effect on a step in the inlet conductivity. Itis called effective because it takes into account the effect of recirculation,
both cardiopulmonary and in the access. This has led to the misconception that this clearance also describes the total
cleaning effect of the dialysis treatment. The differences between the two clearance definitions are important for dose
calculations, and can also be used to explain differences between patients. To continue, we need to discuss the clearance
definitions, and we will use the regional blood flow model for this purpose. The examples are described with reference
to figures 7 to 24.

[0047] As shownin figure 7, in this model we have one small pool of volume V|, corresponding to internal organs that
are perfused by a high rate blood flow Q. The large pool with volume V| is perfused by the low rate blood flow Q, . The
heart-lung system is lumped together, and blood with a urea concentration C,, enters the dialyzer.

[0048] Referring now to figure 8, since the high flow pool will be more effectively cleaned, its concentration Cy; will
always be lower than the low flow pool concentration C, . The mixed venous concentration C,,, coming back to the heart-
lung system from the body is a result of the two pool concentrations being weighted together according to the flows Qy
and Q, . C,,, must therefore lie in between C,, and C, and it will be closer to Cy, because of the heavier weight from the
high flow Q.

[0049] As depicted in Figure 9, in order to measure the depuration of the whole body the equilibrated concentration
Ceq is more relevant than Cy,,. Cg, is also a weighted mean value of the pool concentrations, but with their volumes as

weighting factors, which makes a big difference. Just as Cy,,, C¢4 will also fall in between Cy; and C, but it will be closer
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to C, because of the heavier weight from the large low flow pool volume V, .

[0050] Then, infigure 10, we have this order between the different concentrations, with Cy, lowest as a result of mixing
C,,v With cleaned blood from the dialyzer. Since clearance is removal rate divided by concentration, we could have five
different clearance values. Cy and C|_are of course less interesting, but the other three all have meaningful interpretations.
[0051] Asdefined in figure 11, the first one, which involves the blood concentration entering the dialyzer, is the normal
dialyzer clearance that is used to characterize different dialyzers. If we use the mixed venous concentration we get the
effective clearance, which will include the effects of both cardiopulmonary and access recirculation. This can be measured
by conductivity methods such as OnLine Clearance from Fresenius and Diascan from Gambro. Finally we have the
whole body clearance, which can also be called equilibrated clearance, and results if we use the equilibrated concen-
tration. Because of the relation between the concentrations, we will always have this relation between the clearances,
and our aim was to study the relation between the two last ones, both clinically and theoretically. So, how did we measure
these clearances?

[0052] Infigure 12, the effective clearance K was measured in two different ways.

[0053] Figure 13 presents clearance by conductivity. Firstly, using a step in the inlet conductivity of the dialysis fluid,
clearance was calculated in the Integra dialysis machine from the decrease in the dialyzer of the conductivity step size.
This is known to give an estimate of the effective plasma water clearance.

[0054] Secondly, as shown in figure 14, clearance was calculated from the dialysate flow rate and the initial urea
concentrations in the dialysate and in plasma water. The dialysate concentration was measured continuously in the
spent dialysate by a urea monitor.

[0055] The initial concentration was determined by fitting an exponential 5-20 minutes from the start, which was then
extrapolated backwards. This calculation will give the effective clearance since the dialysate concentration after 5 minutes
will refer to a fully developed cardiopulmonary recirculation, whereas the pretreatment blood sample gives the systemic
blood urea concentration.

[0056] Then, shown in figure 15, the whole body urea clearance is obtained from the mass based urea kinetics that
have been described elsewhere. This is a logarithmic plot of dialysate urea, and the negative steady state slope will be
whole body K/V. From the slope and the removal rate it is possible to calculate mo, the predialysis urea mass in the
body, and by definition this is equal to the product of volume and plasma water concentration. (Whole body Kt/V has
been shown to agree with equilibrated Kt/V, and the volume V with volume determined by dialysate collection and DDQ,
Direct Dialysate Quantification.)

[0057] Also, asin figure 16, the whole body clearance can then be calculated as the product of the slope and the urea
mass, divided by the plasma water concentration.

[0058] Then, in particular as shown in figure 17, we studied the relation between whole body clearance and effective
clearance in 80 treatments of 20 patients. A urea monitor in the spent dialysate was used to calculate whole body
clearance about one hour into the treatment. An Integra machine was used for 42 treatments and a Cobe C3 machine
for the remaining 38. Effective clearance was calculated from the initial concentrations, but the conductivity-based
clearance could be measured only in the Integra treatments. 9 treatments had to be discarded due to fistula recirculation
or technical problems.

[0059] With reference to figure 18, we see a graph over the 35 remaining Integra treatments, where the whole body
clearance is about 11 % lower than the conductivity based clearance. But the data are fairly scattered, and we would
therefore like to compare the whole body clearance with the initial effective clearance based on urea concentrations
instead.

[0060] As shown infigure 19, this can be done since conductivity based clearance and initial effective clearance agree
quite well as shown in this diagram from our study. This agreement has also been shown by several previous studies.
[0061] Referring to figure 20, if we now compare the whole body clearance to initial effective clearance based on urea
concentrations in all remaining 71 treatments we see that the data are much less scattered. The difference is still about
11 %. The next figure shows the ratio between these two clearances.

[0062] Then in figure 21, the ratio is shown as a function of the relative treatment efficiency, whole body K/V, and we
see that there is a negative correlation. This corresponds to the correlation between K/V and the error in single pool
Kt/V that is the basis for Daugirdas’ rate equation.

[0063] Next, in figure 22, if we look at the clearance ratios for each patient, we see that there is a clear difference
between patients. Shown here are the range and median value for each patient, and the patients have been ordered
according to median value. We see that the clearance ratio varies between roughly 0.8 and 0.95. For most patients the
variation in ratio is less than the interpatient variation.

[0064] Referring now to figure 23, let us now go back and try to explain a theoretical basis for the ratio variations.
Again the two-pool regional blood flow model will be used, and in the simplified analysis it is assumed that there is no
ultrafiltration or urea generation. It is then possible to set up a differential equation describing the evolution of the ratio
of the two pool concentrations, which shows that their ratio will fairly quickly approach a steady state value. This is all
that is needed to calculate the steady state ratio between whole body clearance and effective clearance. The clearance
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ratio will depend on the ratio of the two volumes, the ratio of the two flows, and the ratio of the effective clearance to the
systemic blood flow.

[0065] Referring to figure 24. Shown here is the theoretical clearance ratio as a function of the effective clearance for
a systemic blood flow of 5 L/min, a low flow pool volume of 80% of the total volume, and a flow fraction to this pool of
10, 20 and 30% of the total systemic flow. This range of parameters agrees with what Daugirdas and Schneditz found
necessary to explain observed urea rebound. In our study the clearances were slightly above 200, and we see that the
theoretical ratio variation is between 0.8 and 0.95, which agrees well with the clinical results. We also see that at higher
clearances between 300 and 400, whole body clearance can be as much as 30% or more below the effective clearance,
but the actual ratio depends heavily on the patient parameters.

[0066] The following conclusions can be drawn. Effective clearance by conductivity overestimates whole body clear-
ance in a patient dependent way. Last, but not least, in patients with a large gap between whole body clearance and
effective clearance (i.e. a small ratio) there seems to be a large potential for efficiency improvements by affecting the
patient parameters. The big question is how this could be achieved.

[0067] The term "comprises/comprising" when used in this specification is taken to specify the presence of stated
features, integers, steps or components. However, the term does not preclude the presence or addition of one or more
additional features, integers, steps or components or groups thereof.

The invention is not restricted to the described embodiments in the figures, but may be varied freely within the scope of
the claims.

Claims

1. An apparatus (210) adapted to estimate a whole body clearance ratio of a dialysis treatment of a patient (120), the
whole body clearance ratio expressing how well the patient (120) responds to a potential cleaning capacity of a
dialyzer (130) which performs the treatment, the apparatus (210) comprising:

a urea monitor circuit (211) adapted to: determine an initial dialysate urea concentration (C); determine a total
flow rate (Qq) of spent dialysate during the treatment including any ultrafiltration; measure, during a steady state
phase (t5 - t;) of the treatment, a slope (K,,,/V) of a removal rate function which describes how a dialysate urea
concentration is lowered in course of the treatment; and measure a predialysis urea mass (mg) in the patient
(120), and

a processor (212) adapted to determine the whole body clearance ratio (K,,,/K4¢) for the patient (120), the whole
body clearance ratio (K,,,/ Ksf) being determined as the product of said slope (K,,/V) and said predialysis urea
mass (mg), divided by said flow rate (Qq) and divided by said initial dialysate urea concentration (C).

Patentanspriiche

1. Vorrichtung (210), geeignet, ein Ganzkdrper-Clearance-Verhaltnis einer Dialysebehandlung eines Patienten (120)
zu schatzen, wobei das Ganzkoérper-Clearance-Verhaltnis ausdriickt, wie gut der Patient (120) auf eine potentielle
Reinigungskapazitat eines Dialysators (130) anspricht, welcher die Behandlung durchfihrt, wobei die Vorrichtung
(210) aufweist:

eine Hamstoff-Uberwachungsschaltung (211), geeignet: eine anféangliche Dialysat-Harnstoff-Konzentration
(Cgo) zu bestimmen; eine Gesamtstromrate (Q4) des verbrauchten Dialysats wahrend der Behandlung ein-
schliefllich einer Ultrafiltration zu bestimmen; wahrend einer stetigen Zustandsphase (t3-t;) der Behandlung
eine Steigung (K,/V) einer Entfernungsratefunktion zu messen, welche beschreibt, wie sich eine Dialysat-
Harnstoff-Konzentration im Verlaufe der Behandlung erniedrigt; und eine Vordialyse-Harnstoff-Masse (mg) in
dem Patienten (120) zu messen, und

einen Prozessor (212), geeignet, um das Ganzkorper-Clearance-Verhaltnis (K,,,/Kg) fur den Patienten (120)
zu bestimmen, wobei das Ganzkorper-Clearance-Verhaltnis (K, ,,/Kgf) als Produkt der Steigung (K,,,/V) und
der Vordialyse-Harnstoff-Masse (mg) bestimmt wird, geteilt durch die Strémungsrate (Qg) und geteilt durch die
anfangliche Dialysat-Harnstoff-Konzentration (C).

Revendications

1. Appareil (210) adapté pour estimer un rapport de clairance global du corps pour un traitement par dialyse d’un
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patient (120), le rapport de clairance global du corps exprimant la maniére dont un patient (120) répond a une
capacité potentielle d’épuration par un dialyseur (130) qui réalise le traitement, I'appareil (210) comportant :

- un circuit (211) de pilotage de I'urée adapté a: déterminer une concentration en urée de dialysat (Cyg) ;
déterminer un débit d’écoulement total (Q4) de dialysat utilisé durantle traitement comportant toute ultrafiltration ;
a mesurer, durant une phase d’état stable (t; - t;) du traitement, une pente (K,,,/V) d’une fonction de taux de
prélévement qui décrit comment une concentration en urée de dialysat est diminuée au cours du traitement ;
et & mesurer une masse d’urée de prédialyse (mg) dans le patient (120), et

- un processeur (212) adapté pour déterminer le rapport de clairance global du corps (K,,,/Kf) pour le patient
(120), le rapport de clairance global du corps (K,,,/K¢) étant déterminé comme le produit de ladite pente (K,,,/V)
et de ladite masse d'urée de prédialyse (mg), divisé par ledit débit d’écoulement (Q,) et divisé par ladite con-
centration initiale d’urée de dialysat (Cy).

10
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